With a tunable refractive index, magnetic fluid can be applied to the development of adjustable optical devices. In this work, a magnetic-fluid-based optical switch is designed and characterized. The optical switch is formed by sealing magnetic fluid between two glass prisms. When a light is incident to one side of one of the prisms, a reflected light from the magnetic fluid film comes out from the same prism, whereas a transmitted light through the film emits from the other prism. It was found that the intensity ratio of the reflected light to the transmitted light can be manipulated by varying the external magnetic field strength. This implies that the light intensity can be switched between two paths. The switching efficiency also depends on the incident angle of a light into the prism. We then theoretically derive the incident-angle dependent switching efficiency to clarify relevant physical mechanisms.
Because of their ability to alter light energy along different paths, optical switches have been key devices in photonics. At present, there are several versatile technologies used to fabricate optical switches, which work via various mechanisms. One method is through micromachining. Using micromachining, an optomechanical switch can be achieved. 1 The input light is guided into various output ends by finely shifting the guiding path, which connects the input and output ends. Recently, with the rapid progress in multiply enchanced nonparametric spectroscopy (MENS), some advanced optical switches have been developed. A typical example is reported by Lin et al. 2 In their design, twodimensional arrays of micromirrors are used in an N ϫ N optical switch. By pushing down or lifting up the mirrors via MENS technologies to reflect incident lights to various outputs, the light paths can be controlled. In addition to MENS technologies, a rod consisting of two materials possessing different piezoelectric coefficients are utilized to suspend a mirror, located in the way of an incident light to reflect the incident light. 3 When an external voltage is applied to the rod, the rod bends and, hence, the mirror is removed. As a result, the incident light goes straight instead of being reflected. Although these optical switches have demonstrated their significance to photonic academics and industry experts, they involve fabrication processes that are too complicated. This disadvantage may limit their further use in practical applications.
Instead of mechanically shifting path guiders or mirrors to switch light energy flow, the modulation between the transmittance and the reflection, at an interface composed of a material with tunable refractive index, is promisingly applied into an optical switch. 4 This type of optical switch exhibits the merits of easy control for switching light flow, simple fabrication, and an adjustable switching ratio. Recently, we found the tunability of the refractive index of magnetic fluids under external magnetic fields. 5 It was also demonstrated that magnetic fluid can be used as a cladding layer in an optical fiber to manipulate the transmission loss via variation of the refractive index of the cladding layer under external magnetic fields. 6 In this work, we design a magnetically modulated optical switch, in which magnetic fluid acts as a refractive-index-tunable medium to change the energy ratio between the reflected light and the transmitted light when a light is incident to the magnetic fluid film. A detailed theoretical interpretation for the observed variation in the energy ratio is also given.
To obtain the magnetic-fluid-based optical switch shown in Fig. 1(a) , a rectangular cell of 5 ϫ 5 mm 2 in area and 5.5 m in depth was fabricated on a glass (BK7) prism through wet lithography. Magnetic fluid with a concentration of 0.8 emu/ g was injected into the cell, followed by covera)
Author to whom correspondence should be addressed; also with: Department of Physics, National Taiwan Normal University, Taipei 116, Taiwan; electronic mail: phyfv001@scc.ntnu.edu.tw ing the fluid film with another glass prism. The device was then placed at a center of a Helmholtz coil, which generates a magnetic field perpendicular to the plane of the magnetic fluid film, as shown in Fig. 1(b) . A laser light of 0.6328 m in wavelength was emitted from a He-Ne laser, and was incident into one side of a prism. A reflected light from the magnetic fluid film came out from the same prism, whereas a transmitted light through the film went out from the other prism. Thus, the incident light was divided into two beams. The intensities of these two light beams were monitored by photodiodes and automatically recorded with the aid of a personal computer. Figure 2 (a) plots the time-dependent applied magnetic field, and the corresponding responses in the reflectance and the transmittance of the device are shown in Figs. 2(b) and 2(c), respectively. Here, the incident light i from air to the lower prism is set at 26.12°, and the thickness of the magnetic fluid film separating the two prism is 5.5 m. It was found that when the field is applied, say at 40 Oe at the time interval from 20 to 25 s, the reflectance R becomes smaller and while the transmittance T increases. This result reveals that a portion of the light energy is switched from the reflected light to the transmitted light when an external magnetic field is applied. We also found that these variations in R and T vanish when the magnetic field is removed. The switching phenomenon was also observed for which an external field over 40 Oe was applied. Besides, the switching efficiency was enhanced under a higher field.
In order to investigate the variation in the reflectance and the transmittance of an incident light into the prism-fluidprism optical switch, the propagation behavior of the light is analyzed theoretically. As shown in Fig. 3 , when a light is incident from the air to the prism at an incident angle i , it refracts at the air-prism interface. The refracted light then hits the prism-fluid interface (at point A) at an incident angle 2 . At point A, a portion of the light intensity is reflected and a portion transmits through the prism-fluid interface into the magnetic fluid film. For the reflected light, it follows the path ABG, and then refracts out into the air at point G. The transmitted light propagates through the magnetic fluid film and the upper prism, and finally refracts out to through the air at point I. Thus, the reflected light experiences two refractions and one reflection, while the transmitted light goes through four refractions. As a result, the reflectance r and the transmittance t of the electric field of the incident light can be expressed as
where t a-p denotes the transmittance for a light from the air into the prism, r p-f and t p-f represent the reflectance and the transmittance at the prism-fluid interface, respectively, t p-a stands for the transmittance when a light propagates from the prism to air, and t f-p is the transmittance for a light from the magnetic fluid to the prism. ␣ is due to the attenuation when the light propagates through the magnetic fluid film and can be written as
here ␦ is the attenuation length and has been studied in our previous work. 8 These values of the transmittance and the reflectance can be obtained from Fresnel equations when the incident angle i and the refractive indices of both the prism and the magnetic fluid are available. 9 Furthermore, we take the multireflectance at the upper and the lower interfaces of the magnetic fluid film into account. Many of the reflected/ transmitted light beams with a phase difference interfere with each other to achieve the reflected/transmitted light. Therefore, the total reflectance and the transmittance of the electric field for an incident light into the prism-fluid-prism optical switch is
The phase difference can be evaluated based on the geometric optics shown in Fig. 3 as
here, n p denotes the refractive index of the prism, n MF is the refractive index of magnetic fluid, and ͑=0.6328 m͒ is the wavelength of incident light in vacuum. In Eqs. (4) and (5), only the first two orders of reflected/transmitted light are considered. One can follow in the same way to take higher orders of reflected/transmitted lights into account. Thus, the intensity reflectance R and the transmittance T of an incident light into the prism-fluid-prism optical switch are obtained via R = ͉r T ͉ 2 and T = ͉t T ͉ 2 , respectively.
Obviously, R and T are functions of i , n p , n MF , ␦, , and the film thickness L. The ͑n p , , L͒ are field independent and are (1.515, 0.6328, 5.5 m), while ͑n MF , ␦͒ depend on the field strength and are available in our previous reports. 7, 8 Hence, at a given i , the R and T vary when an external magnetic field is applied, and further, the magnetically modulated reflectance ⌬R ͓=R͑H͒ − R͑0͔͒ and the transmit- Figs. 4(a) and 4(b) . A good coincidence between the calculated curves and the experimental data is resulted.
In conclusion, the architecture of prism-magnetic fluid prisms is demonstrated as an optical switch. The switch efficiency of the optical switch is magnetically modulated. Furthermore, the physical mechanism of the switching phenomenon is clarified. These results reveal the feasibility of developing a magnetically modulated optical switch by utilizing the tunable refractive index property of magnetic fluids. 
